The present study examined the effect of aging on the detection and discrimination of contours embedded in a dense field of distractors. The minimum stimulus duration required to correctly discriminate (Experiment 1) and detect (Experiment 2) three types of ''C'' shaped contours was measured. Overall, older subjects required longer stimulus durations than younger subjects in all conditions. Comparing performance for contours comprising elements oriented tangentially to the contour path (aligned) and those oriented orthogonally to the contour (radial) revealed that the effect of local orientation on contour discrimination is slightly greater in older than younger subjects. Control experiments showed that these age differences were not due to differences in retinal illuminance, or the detectability or discriminability of the elements comprising the contours. These findings suggest that ability to extract global contours embedded in clutter declines in older age.
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It is well established that neurons in the early stages of visual processing respond primarily to information falling within a limited location in the visual field, termed the classical receptive field of the neuron. Nevertheless, our visual world is not a disjointed collection of features, but consists of global objects and shapes embedded in a background. To achieve this percept, the visual system needs to integrate information across space to extract global contours and shapes.
Two important factors that influence the grouping of local elements into elongated contours are element proximity and the alignment of element orientations (Field, Hayes, & Hess, 1993; Hess, Hayes, & Field, 2003) , both of which are characteristic of local parts of contours in natural scenes (Geisler, Perry, Super, & Gallogly, 2001; Geisler & Perry, 2009) . Although the neural mechanisms underlying contour integration are not well understood, it appears that contour integration may be mediated by long-range horizontal connections within early visual areas (Bosking, Zhang, Schofield, & Fitzpatrick, 1997; Gilbert & Wiesel, 1989; Malach, Amir, Harel, & Grinvald, 1993) , as well as feedback projections from higher visual areas (Angelucci et al., 2002; Altmann, Bülthoff, & Kourtzi, 2003; Kourtzi, Tolias, Altmann, Augath, & Logothetis, 2003) .
Only a few studies have examined the effects of aging on perceptual grouping and contour integration. Salthouse and Prill (1988) showed that older adults are less able to perceptually complete simple line drawings. Compared to younger subjects, older subjects also have difficulty perceptually grouping elements when line-orientation and flicker rate are used as grouping cues, but show no impairment in grouping by color of motion cues (Kurylo, 2006) . Roudaia, Bennett, and Sekuler (2008) also suggested that contour integration was impaired in older adults.
To examine the effects of aging on contour integration mechanisms, Roudaia et al. (2008) measured the minimum contrast required for subjects to discriminate contours that were presented against a uniform background and composed of elements whose orientations were aligned along the contour path, were orthogonal to it, or that alternated between aligned and orthogonal orientations. Consistent with previous research (Saarinen & Levi, 2001) and the principle of good continuation, younger adults performed better when discriminating aligned contours compared with the other types. Surprisingly, older subjects were not influenced by the local orientation of the elements, showing equal performance for the three types of contour. Roudaia et al. (2008) argued that their results demonstrated that aging alters contour integration mechanisms, but it is not clear whether this impairment generalizes to supra-threshold stimuli and/or to contours presented in background elements, or clutter. The influence of clutter on contour integration was demonstrated recently by Dakin and Baruch (2009) , who showed that contour perception requires the suppression of irrelevant background information as well as the integration of local elements. Two studies have examined the effect of aging on the detection and discrimination of contours embedded in visual clutter. Del Viva and Agostini (2007) assessed the ability of older and younger subjects to detect closed circular contours, comprising equally spaced aligned Gabors elements, that were embedded in a field of randomly oriented distractor Gabors. They found that the maximum number of distractors that older subjects could tolerate was lower 0042-6989/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2011. 02.015 than that for younger subjects, suggesting that aging impairs the integration of contours in clutter. The study by McKendrick, Weymouth, and Battista (2010) examined older subjects' ability to make fine shape discriminations of similar circular contours, with and without the presence of distractor elements. Interestingly, older and younger subjects did not differ in their ability to discriminate the contour shapes, even in the presence of clutter. Thus, it appears that aging may impair the ability to extract contours among clutter, but it does not seem to influence shape discrimination once the contour has been detected.
To further examine the effects of aging on contour integration, the current study examined the subjects' ability to discriminate open contours embedded in a cluttered background. Importantly, this study also examined the roles of orientation and phase of local contour elements on contour integration ability of younger and older adults. Stimuli consisted of contours defined by Gabors arranged in the shape of a ''C'' that were placed within a field of randomly oriented Gabors. The relative density of the contour and background Gabors was equalized such that only the relative orientations of the Gabors signaled the contour. The contours were randomly rotated across trials and subjects were asked to report the location of the gap in the ''C''', which required the discrimination of the full contour. Performance was assessed by estimating the minimum stimulus exposure duration required to discriminate the contour. The first type of contour, aligned, comprised Gabors that were oriented tangentially to the contour path, and all having the same spatial phase. The second type, phase, also comprised tangentially oriented Gabors, but the phase polarity of the Gabors alternated along the contour. The third type, radial, was composed of Gabors that were oriented orthogonally to the contour path. Consistent with previous research (e.g., Dakin & Baruch, 2009; Field et al., 1993) , we expected performance in the aligned and phase conditions to be better than in the radial condition, due to the benefit of co-linearity for contour perception. In addition, we hypothesized that the consistent phase of local elements in the aligned condition would improve discrimination performance compared to the phase condition, also in keeping with previous findings (e.g., Field, Hayes, & Hess, 2000) .
1. Experiment 1: contour discrimination 1.1. Methods
Subjects
Twelve younger (M = 23 years; range: 20-32) and 15 older (M = 70 years; range: 64-79) subjects participated in this study, and were compensated at a rate of $10/h. Near and far visual acuities were measured in all subjects using the SLOAN Two Sided ETDRS Near Point Test and the 4 Meter 2000 Series Revised ETDRS charts (Precision Vision, LaSalle, Illinois, USA). Contrast sensitivity was estimated using the Pelli-Robson Contrast Sensitivity Test. Subjects wore their habitual optical correction during the vision testing and during the experiment. Although older subjects on average showed poorer visual acuity than younger subjects, all subjects had normal or corrected-to-normal near and far Snellen visual acuity (range: À0.23 to 0.18 logMAR). All subjects showed normal contrast sensitivity for their age group, as measured by the Pelli-Robson Contrast Sensitivity Test (Elliott, Sanderson, & Conkey, 1990; Mäntyjärvi & Laitinen, 2001; Pelli, Robson, & Wilkins, 1988) . In addition, we administered the Mini-Mental State Examination assessment (Folstein, Folstein, & McHugh, 1975) to all older subjects to screen for any cognitive decline. All scores were within the normal range for the subjects' age and education levels (Crum, Anthony, Bassett, & Folstein, 1993) . All subjects also completed a general health questionnaire to screen for any history of visual pathology, such as cataracts, glaucoma, and retinopathy. One older subject reported having a cataract and was not included in the experiment. None of the other subjects reported any visual disorders or major health problems. One younger and three older subjects were later excluded from all analyses because they failed to obtain thresholds in at least one condition (see Section 1.1.5 for criteria for valid thresholds). Table 1 summarizes the relevant demographic information for all subjects included in the analyses.
Apparatus
The stimuli were generated and presented using a Macintosh G5 computer equipped with a NVIDIA GeForce 6600 video card and a BITS++Digital Video Processor (Cambridge Research Systems Ltd, UK), which provided 14-bit luminance resolution. The experiment was programmed using the Psychophysics and Video Toolboxes (version 3) (Brainard, 1997; Pelli, 1997) in the Matlab environment (version 7.2). The stimuli were presented on a 20-in. (51 cm) Sony Trinitron monitor with a 1280 Â 1024 resolution (pixel size: 0.014 deg) and a refresh rate of 75 Hz. The display was the only light source in the room and had an average luminance of 120 cd/m 2 . Head position and viewing distance were stabilized with a chin/forehead rest.
Stimuli
The stimuli consisted of a square region of pseudo-randomly distributed Gabor patches that contained a global pattern in the shape of a C in the center. All Gabors were created by multiplying a 3 c/deg sine wave grating of 60% contrast by a circular Gaussian envelope whose full width at half height was 0.25 deg.
The following algorithm was used to construct stimulus arrays in which the presence of a contour was defined by the relative orientations of the Gabor elements comprising the target. First, an invisible 12 Â 12 grid was created with a cell size of 0.59 deg. The position of the grid was jittered horizontally and vertically relative to the center of the display by selecting random displacements from a Normal distribution (r = 3 pixels). Next, the position of 16 target Gabors was determined by placing them on an imaginary circle (radius = 1.5 deg) with a constant distance between adjacent Gabors of 0.59 deg (%1.77 spatial periods). To create the C, two adjacent Gabor patches were removed either in the upper left, upper right, lower left or lower right quadrant. The imaginary circle was positioned in the center of grid and then displaced horizontally and vertically by random amounts selected from a Normal distribution (r = 2 pixels). It was then verified that each target Gabor was located in a separate cell in the grid. If more than one Gabor fell within a single cell, the contour was redrawn. The distractor Gabors were then placed in all remaining cells in the grid: the center of each distractor was displaced horizontally and vertically relative to the cell's center by amounts drawn from a Normal distribution (r = 4 pixels). When two distractors overlapped, one of the overlapping elements was removed. This procedure reduced the possibility the local density of Gabors could serve as a cue for detecting the contour. The mean number of elements removed was 7.3 and ranged from 0 to 16 elements across trials. The number of elements discarded on each trial was recorded and subsequent analyses confirmed that the average number of elements removed was the same across conditions and age groups. The orientation and phase of the contour Gabor elements varied across three stimulus conditions (Fig. 1) . In the aligned condition, all target Gabors were oriented tangentially to the contour path and all had positive sine phase with respect to the center of the element. In the phase condition, Gabor orientations were the same as in the aligned condition, but their phase alternated from positive to negative sine phase. Summation by a simple linear detector with an elongated receptive field may contribute significantly to grouping in the aligned condition, but not in the phase condition (Hess & Field, 1999) . Finally, all Gabors in the radial condition were oriented orthogonally to the contour path and had positive sine phase.
A mask was shown after each stimulus presentation. The mask was created by taking the frequency spectrum of a typical stimulus array and randomizing the phase of its frequency components. This procedure ensured that the mask and stimulus contained the same contrast energy and spatial frequency content.
Procedure
The McMaster University Research Ethics Board approved the experimental protocol. Written informed consent was obtained from all subjects prior to their participation in the experiment.
A four-alternative forced-choice (4-AFC) procedure was used to measure the stimulus exposure duration needed to discriminate the global orientation of the ''C'' contour with 75% accuracy. Each of the three conditions was tested in one block of 130 trials, and the order of conditions was randomized for every subject. The experiment began with a light adaptation period of 60 s, followed by 10 practice trials in the beginning of each block, where stimuli were presented for 2 s and the contrast of the distractor elements was reduced by 20% to make it easier for the subjects to see the contour and to ensure that they understood the task. The experimental trials immediately followed the practice trials. A black fixation point was presented in the center of the blank screen of mean luminance. Subjects were instructed to fixate the fixation point, which remained in the center throughout the trial. At the beginning of each trial, the fixation point flickered a rate of 10 Hz for 0.3 s. The stimulus array was then presented for a stimulus duration that varied across trials. The location of the gap in the C was randomized on each trial. The stimulus was then followed by a mask for duration: 0.5 s. Finally, a blank screen replaced the mask for 0.5 s before the response screen appeared (Fig. 2) . The response screen consisted of numbers 1, 2, 3, and 4, placed in the four possible locations of the gap (lower left, upper left, upper right, lower right, respectively). The subjects reported the location of the gap by pressing one of four labeled keys on the keyboard. Auditory feedback was given on every trial with a high pitch tone indicating a correct response and a low-pitch tone indicating an error. The subsequent trial began after a 1.5 s inter-trial interval.
Analysis
Two interleaved staircases manipulated the stimulus exposure duration across trials. A four-down/one-up staircase and a twodown/one-up staircase converged on the duration needed to correctly identify the location of the gap with 84% and 71% accuracy, respectively (Levitt, 1971; Schlauch & Rose, 1990) . The initial staircase step size was 0.133 s (i.e., 10 frames), then it was reduced to 0.107, 0.080, 0.053, and 0.027 s (i.e., 8, 6, 4, and 2 frames) after 1, 2, 3 and 4 reversals respectively. The range of possible durations was limited to 0.013-2 s. Each staircase terminated after 65 trials. Psychometric functions were then obtained by fitting the combined data from both staircases using psignifit (v 2.5.6) for Matlab (see http://bootstrap-software.org/psignifit/). This software Phase Radial Aligned Fig. 1 . Examples of stimulus conditions. In the aligned condition (a), elements had +sine phase and were oriented tangentially to the global contour. In the phase condition (b), elements were also oriented tangentially to the global contour, but the phase alternated between +sine and Àsine. In the radial condition (c), all elements were oriented orthogonally to the global contour and all had +sine phase. applied the maximum-likelihood method to determine the best fitting Weibull function (Wichmann et al., 2001 ) F such that wðx; a; b; c; kÞ ¼ c þ ð1 À c À kÞFðx; a; bÞ:
where w(x) is the proportion of correct responses at duration x, c is the guessing rate (fixed at 0.25 for this experiment), a and b are two parameters defining the shape of the psychometric function F, and k is a lapse rate parameter that was constrained to lie between 0% and 5%. The stimulus exposure duration that corresponded to the 75% accuracy point on the fitted psychometric function was defined as the duration threshold for each condition. If the fitted psychometric function had a zero or negative slope, or if threshold was higher than the maximum presented duration, then the threshold was deemed invalid and was excluded from the statistical analyses. One younger subject and 13 older subjects failed to obtain valid thresholds in the radial condition with maximum duration set to 2 s . To obtain valid measures for that condition, we retested nine older subjects only in the radial condition, with the maximum duration set to 2, 4 and 6 s in three randomized blocks. The average of all valid thresholds obtained in this second experimental session was used as the subject's threshold for the radial condition. Finally, one younger subject obtained a threshold lower than the minimum presented duration (1 frame) in the aligned condition (i.e., response accuracy with a one frame exposure duration was greater than 75% correct). To retain this subjects' data for the analyses, their threshold for the aligned condition was set arbitrarily to 1 frame. Note that this value is an overestimate of this subject's threshold, and therefore slightly reduces the true age difference in this condition.
Results
All analyses were performed using the statistical computing environment R (R Development Core Team, 2008 ). We applied a log transformation to all duration thresholds to ensure that the data satisfy the assumptions of normality and constant variance. When within-subjects tests were performed, the GeisserGreenhouse correction was used to adjust the degrees-of-freedom to correct for violations of the sphericity assumption (Maxwell & Delaney, 2004) . In such cases, the adjusted p-values are reported. Finally, effect sizes are reported either as Cohen's d or Cohen's f (Maxwell & Delaney, 2004) . Fig. 3 shows mean duration thresholds for younger and older subjects for the three types of contour. Overall, older subjects showed higher duration thresholds than younger subjects. Compared to younger subjects, thresholds in older subjects were elevated by 0.47, 0.45, and 0.62 log 10 units in the aligned, phase, and radial conditions respectively. A mixed repeated-measures ANOVA confirmed these observations, as it revealed a significant main effect of Age (F(1,20) = 68.5,p < 0.0001, f = 1.75, MSE=0.07).
To analyze the effect of condition, we performed three focused comparisons. First, we examined the effect of element orientation by comparing performance in the aligned and phase conditions with performance in the radial condition. The linear contrast was significant for both younger (t(10) = 14.6, p < 0.001, d = 4.41) and older (t(10) = 12.6, p < 0.001, d = 3.79) subjects. Both groups of subjects had lower thresholds in the conditions where contour elements were oriented tangentially to the contour path, compared to contours comprising orthogonally oriented elements. The Contrast Â Age interaction approached, but did not reach, conventional levels of statistical significance (F(1, 20) = 3.53, p = 0.07, d = 0.80).
Second, we examined the effect of alternating the phase of successive Gabors in contours comprising tangentially oriented elements. As depicted in Fig. 3 , performance in the phase condition was worse than in the aligned condition. The difference in thresholds in the aligned and phase conditions was significant in both groups (younger: t(10) = 5.47, p < 0.001, d = 1.65; older: t(10) = 8.08, p < 0.001, d = 2.44). Furthermore, the difference between conditions was similar in both groups, as the Contrast Â Age interaction was not significant (t(20) = 0.64, p = 0.43, d = 0.34). Thus, alternating the phase of successive elements impairs performance relative to when element phase is constant, and the magnitude of this effect does not change with age.
Finally, we compared performance in the phase and radial conditions to examine the effect of local orientation, without the additional benefit conferred by phase alignment in the aligned condition. This comparison was also significant in both groups (younger: t(10) = 6.3, p < 0.001, d = 1.89; older: t(10) = 8.42, p < 0.001, d = 2.54), indicating that both groups exhibited poorer performance in the radial condition. Again, the Contrast Â Age interaction approached, but did not reach, conventional levels of statistical significance (F(1, 20) = 3.8, p = 0.07, d = 0.83).
In both linear comparisons examining the effect of local orientation, the Contrast Â Age interaction approached, but did not reach, statistical significance. However, in both cases the effect size (Cohen's d) was approximately 0.8, which according to Cohen's criteria is a large effect (Maxwell & Delaney, 2004) . This result suggests that there may be a difference between age groups in the way that performance was affected by element alignment but that our experiment lacked sufficient power to detect it. To examine this possibility, we visually inspected the relationship between the aligned, phase, and radial conditions in the two groups by normalizing each individual's thresholds by threshold in the phase condition. Mean normalized thresholds are plotted in Fig. 4 . Older and younger subjects exhibit a similar improvement in thresholds for the aligned condition compared to the phase condition. On the other hand, older subjects show, on average, a greater increase in thresholds in the radial condition compared to the phase condition, as the slope between the phase and radial conditions is steeper in the older group than the younger group.
Discussion
This experiment examined the ability of younger and older subjects to discriminate the global orientation of three types of contours embedded in a cluttered background. Overall, older subjects required longer stimulus presentations to discriminate all types of contours. Subjects in both age groups performed better with contours composed of elements oriented tangentially to the contour path, compared to contours comprising orthogonally oriented elements. This result is consistent with previous studies showing better contour integration for aligned contours compared to radial contours in younger subjects (e.g., Bex, Simmers, & Dakin, 2001; Dakin & Baruch, 2009; Field et al., 1993; Ledgeway, Hess, & Geisler, 2005; Saarinen & Levi, 2001) . Moreover, there is some indication that the effect of element orientation may be even greater in older subjects. Older subjects required 4.2 times longer stimulus presentation than younger subjects to discriminate the ''C'' in the radial condition, compared to just 2.8 times longer duration in the phase condition. In addition, we found that alternating the phase of the tangentially oriented elements along the path reduces performance in both younger and older subjects by a similar factor. Previous studies with younger subjects also found worse performance with phase-alternating, as opposed to same phase, contours (Field et al., 2000; Hess, Beaudot, & Mullen, 2001; Hess & Dakin, 1999) . This effect of phase has been explained by proposing that contour integration is mediated by two processes, one which is sensitive to phase information and another that is indifferent to the phase of the elements (Field et al., 2000) . Our results provide no evidence that aging affects the phase-sensitive component of the contour integration process.
Experiment 2: ''C'' detection experiment
The contour discrimination task in Experiment 1 required the subjects to extract the entire shape of the contour in order to correctly identify the orientation of the ''C''. The inability to correctly perform that task may have resulted either from a failure to detect the contour entirely, or alternatively, subjects may have detected the presence of a contour, but failed to completely extract it from the background to locate the gap. In the following experiment, we examine whether aging also influences the ability to simply detect the presence of a contour in clutter. Using a two alternative forcedchoice procedure, we measure the minimum stimulus exposure exposure duration required to detect the presence of the ''C'' contour in the aligned, phase, and radial conditions.
Methods

Subjects
Eight older and two younger subjects who participated in Experiment 1 participated in this experiment. In addition, seven naï ve younger subjects were recruited to participate in this experiment. In total, eight older and nine younger subjects participated in Experiment 2 and were compensated for their time at a rate of $10/h. One younger subject was later excluded from analyses due to invalid thresholds in two conditions. Demographic information for all subjects included in the analyses is summarized in Table 1 . Finally, after completing Experiment 2, five of the seven new younger subjects -who had not participated in the previous experiment -were tested in the ''C'' orientation discrimination task used in Experiment 1.
Apparatus
The apparatus was the same as in Experiment 1.
Stimuli
There were two types of stimuli in this experiment: target stimuli containing a ''C'' contour and noise stimuli that did not contain a contour. The target stimuli were created as described in Experiment 1 and were presented in the aligned, phase, and radial conditions. The noise stimuli was created by generating a target stimulus and then randomizing the orientations of the Gabors comprising the contour. Once the orientations were randomized, the contour was no longer present.
Procedure
A two-interval forced-choice (2-IFC) procedure was used to measure the stimulus exposure duration needed to detect the presence of the ''C'' contour with 75% accuracy. Subjects completed each condition in a separate block and the order of the blocks was randomized across subjects. The experiment began with an adaptation period of 60 s and five practice trials were presented before each block. Each trial began with a flickering (10 Hz) fixation point that was presented in the middle of a uniform gray screen for 0.3 s. Two stimulus intervals then followed, separated by an inter-stimulus-interval consisting of a uniform blank field that lasted 0.5 s. Each interval consisted of a stimulus whose duration varied across trials, followed immediately by a mask lasting 0.5 s. The target stimulus appeared in the first or the second interval with equal probability. A response screen, containing the words ''1st interval'' on the left and ''2nd interval'' on the right, appeared 0.25 s after the offset of the mask at the end of the second interval. Subjects pressed a key labeled ''1'' with their left index finger or a key labeled ''2'' with their right index finger to indicate the interval that contained the ''C''. The next trial began %4 s after the subject's response.
Analysis
Stimulus duration was varied across trials using two interleaved staircases. A four-down/one-up staircase and a two-down/one-up staircase converged on the duration needed to detect the contour with 84% and 71% accuracy, respectively. Each staircase terminated after 50 trials, resulting in 100 trials per condition. Psychometric functions were fit to the combined data from all trials as described in Section 1.1.5. Duration thresholds were defined as the stimulus duration that corresponded to 75% accuracy on the psychometric function.
In the contour detection task, younger and older subjects showed very high accuracy in the aligned condition, even at the shortest exposure duration presented. As such, data from all younger subjects and six older subjects were not well fit by a psychometric function in the aligned condition, and duration thresholds could not be estimated. In addition, two other thresholds -one in the phase condition and another in the radial condition -in the younger group were lower than 1 frame. In order to keep the two subjects in the analyses, we set these two thresholds to 1 frame, which is an underestimation of their performance. 
Results
All statistical analyses were performed in the the statistical computing environment R (R Development Core Team, 2008) . Duration threshold values were log-transformed to ensure that data satisfy the assumptions of normality and homogeneity of variance. Fig. 5 shows mean duration thresholds for detecting the ''C'' contour in the phase and radial conditions. Thresholds from only two older subjects could be estimated in the aligned condition and they are depicted individually in the figure. All other subjects had a very good performance in the aligned condition even at the shortest stimulus duration of 1 frame, so their duration thresholds could not be estimated.
Overall, older subjects again showed higher thresholds than younger subjects. Duration thresholds also varied with condition: performance was best in the aligned condition and worst in the radial condition. To analyze the results, we performed an Age Â Condition (phase and radial) mixed repeated-measures ANOVA on log-transformed duration threshold values. The main effect of Age was significant (F(1, 14) = 24.64, p < 0.001, f = 1.21). The main effect of condition was also significant (F(1, 14) = 9.26, p = 0.009, f = 0.59), but the Age Â Condition interaction was not significant (F(1, 14) = 1.03, p < 0.33, f = 0.04). These analyses indicate that both groups showed higher duration thresholds in the radial condition than in the phase condition, and that the phase-radial difference was similar in the two groups.
It is interesting to compare the performance in the detection task to performance measured in the same subjects in the discrimination task used in Experiment 1. In the phase condition, the group difference was only slightly larger in the discrimination than the detection task: the log-ratio of older to younger group's thresholds was 0.57 for discrimination and 0.49 for detection. This result suggests that much of the age difference in contour discriminability in the phase condition could be linked to differences in contour detectability. In the radial condition, however, the log threshold ratio was 0.71 for discrimination but only 0.23 for detection. The much larger impairment in the discrimination task suggests that differences in radial contour detectability did not produce the age difference in radial contour discriminability. To investigate this point further, we computed the log-transformed ratio between contour discrimination and detection thresholds for each of the seven young and eight older subjects who completed both sets of tasks used in Experiments 1 and 2. In the phase condition, the log discrimination/detection ratios in older and younger subjects were, respectively, 0.59 and 0.50, and these values did not differ significantly from each other (t(13) = 0.85, p = 0.41, d = 0.44). In the radial condition, the log discrimination/detection ratios in older and younger subjects were 1.13 and 0.69, and these values did differ significantly (t(13) = 3.31, p = 0.006, d = 1.71).
Discussion
Contour detection thresholds were higher for older subjects than younger subjects, but we found no evidence that the effect of element alignment differed between groups: for both younger and older subjects, detection was best for aligned contours, followed by phase contours, and worst for radial contours. This pattern is consistent with results from other studies using the path detection paradigm with younger subjects (Dakin & Baruch, 2009; Field et al., 1993 Field et al., , 2000 Ledgeway et al., 2005) . It is interesting to note that aligned contours were much easier to detect than phase contours. This findings supports the existence of a phasesensitive component in contour integration (Field et al., 2000; Hess & Dakin, 1999; Hess et al., 2001) , or the involvement of simple linear filters (Hess & Dakin, 1997) . Comparisons of contour detection and discrimination thresholds suggests that age differences in contour detection may account for differences in contour discrimination when the elements are aligned but not when they are orthogonal (i.e., the radial condition). Thus, it appears that older subjects can detect the regularity in local orientations of the Gabors signaling the presence of the radial contour. However, they have difficulty completely segregating the radial contour from the background elements in order to locate the gap.
It may be surprising that subjects could detect the contours with such brief exposure durations, especially in the aligned condition. Hess et al. (2001) studied the dynamics of aligned contours and found critical stimulus durations of 0.2 s for contours with similar curvature. However, (Hess et al., 2001 ) used a stimulus that was preceded and followed by a mask containing Gabors with random orientations. In contrast, the current experiment did not use a forward mask, and the backward mask did not contain Gabor elements. Moreover, the contours in this experiment were highly predictable and always presented in the center. Thus, top-down processing likely contributed to the surprisingly short duration thresholds obtained in this experiment.
Experiment 3: retinal illuminance control
It is well established that retinal illuminance affects the spatial and temporal summation properties of the visual system (Barlow, 1958; Rovamo & Raninen, 1984; van Nes, Koenderink, Nas, & Bouman, 1967) . Due to a decrease in pupil size and increased density of the ocular media, the average 60 year old receives 2-3 times less light on their retina than the average twenty year old (Weale, 1963) . In this experiment, we tested younger subjects with different luminance levels to determine the effect of decreased retinal illuminance on performance in the contour discrimination task.
Methods
Subjects
Seven naive young subjects (l: 20 years, range: 19-22) were recruited to participate in this experiment and were compensated for their time at a rate of $10/h. All subjects had normal or correctedto-normal acuity, normal contrast sensitivity, and were free of any visual disorders or health problems. There were four males and three females in the group. Their demographic information is summarized in Table 1 .
Apparatus
The apparatus was the same as in Experiment 1. Display luminance was varied by placing neutral density filters in front of the screen. Placing two and three neutral density filters reduced the display luminance from 120 cd/m 2 to 26 cd/m 2 (22%) and 12 cd/m 2 (10%), respectively. Previous studies have shown that such reductions in display luminance reduce retinal illuminance in younger subjects by approximately 0.5 and 0.75 log units (Betts, Sekuler, & Bennett, 2007; Winn, Whitaker, Elliott, & Phillips, 1994) .
Stimuli and procedure
The stimuli and procedure were the same as in Experiment 1. Subjects discriminated the orientation of the ''C'' contour in the aligned, phase, and radial conditions at three different mean luminance levels in a 3 Â 3 within-subjects design. The order of luminance levels was counterbalanced across subjects and the order of conditions was randomized within each luminance level. There was one block per condition and all nine blocks were tested in one experimental session lasting %90 min. As in Experiment 1, two interleaved staircases manipulated the duration of stimulus presentation to estimate a duration threshold for each condition. Each staircase contained 55 trials, totaling 110 trials per condition. The range of stimulus duration was restricted to 0.013-2 s. Psychometric functions were fit to the combined data from the two staircases using the method described in Experiment 1.
Results
As in Experiment 1, a threshold was deemed invalid if it was greater than the maximum duration level presented, or if the slope of the psychometric function was equal to or less than zero. Four thresholds obtained from three subjects in the radial condition were deemed invalid; at least one invalid threshold was obtained at each luminance level. The three subjects who had an invalid threshold were not included in the statistical analyses. In addition, four estimated thresholds in the aligned condition -3 and 1 in the lowest and highest luminance conditions, respectively -were lower than the minimum value presented (1 frame). As in Experiment 1, these thresholds were set to 1 frame, which was the shortest possible duration that could be displayed on our apparatus. Note that this procedure results in an overestimate of threshold in the aligned condition.
The means and individual data points of all valid duration thresholds, including those from the three subjects not included in the statistical analyses, are shown in Fig. 6 for each mean luminance level. Data in Fig. 6 suggest that performance was unaffected by large changes in retinal illuminance. A within-subjects ANOVA on log-transformed duration thresholds supported this observation: there was a significant main effect of Condition ðFð2; 6Þ ¼ 43:2; p ¼ 0:007; ¼ 0:77Þ, but the main effect of Luminance ðFð2; 6Þ ¼ 1:66; p ¼ 0:28; ¼ 0:51Þ and the Luminance Â Condition interaction ðFð4; 12Þ ¼ 1:30; p ¼ 0:34; ¼ 0:38Þ were not significant.
Discussion
This experiment revealed that decreasing the mean luminance of the stimulus by a factor of ten did not increase younger subjects' duration thresholds in any condition. This result suggests that a decrease in retinal illuminance alone cannot be responsible for the increased duration thresholds observed in older subjects in Experiment 1.
Experiments 4a and 4b: contrast detection and orientation discrimination as a function of stimulus duration
To reduce the effects of age differences in contrast sensitivity (e.g., Owsley, Sekuler, & Siemsen, 1983) , Experiments 1 and 2 used Gabor elements set to 60% contrast, a value that is much higher than previously-reported contrast detection thresholds. However, studies of the effects of aging on contrast sensitivity typically have used stimulus durations that are significantly longer than the ones used here. Hence, it is possible that age differences in contrast sensitivity for very brief stimuli may have contributed to age differences in contour detection and discrimination. Results presented by Zhang and Sturr (1995) , who showed that age differences in contrast sensitivity for 0.5 c/deg gratings are invariant across stimulus durations ranging from 10 to 1000 ms, are inconsistent with this idea. Nevertheless, our experiment used a considerably higher spatial frequency than the one used by Zhang and Sturr (1995) , and therefore it remains possible that age differences in contrast sensitivity contributed to age differences in contour detection and discrimination. Experiment 4a examines this idea by measuring contrast detection thresholds for 3.5 c/deg Gabor patterns at various stimulus durations.
Contour detection and discrimination presumably depends, in part, on an accurate representation of the orientations of the Gabor elements. Orientation discrimination performance has been shown to be similar in older and younger subjects for high-contrast gratings (Betts et al., 2007; Delahunt, Hardy, & Werner, 2008; Govenlock, Sekuler, & Bennett, 2009a) . However, previous studies of the effects of aging have used stimulus durations that were much longer than the ones used in the current experiments, large differences in sensitivity to local orientations at very brief durations may have influenced the results in Experiments 1 and 2. Experiment 4b examines this idea by measuring orientation discrimination thresholds for 3.5 c/deg Gabor patterns at various stimulus durations.
General methods
Subjects
A separate group of 10 younger and 10 older subjects participated in each experiment and were compensated for their time at a rate of $10/h. Visual acuity and contrast sensitivity were normal or corrected-to-normal in all subjects. The older subjects did not show signs of cognitive decline as assessed by the MMSE (Folstein et al., 1975) and reported no major visual or health problems. All demographic information and visual and cognitive measures are summarized in Table 2 .
Apparatus
The experiments were programmed in MATLAB, version R2010a, using the Psychophysics and Video Toolboxes (Brainard, 1997; Pelli, 1997 ) on a Macintosh G5 computer. Stimuli were displayed on a 21-in. Apple Studio Display monitor (model M6204) with a 1024 Â 768 resolution (pixel size: 0.029 deg) and a 100 Hz refresh rate. The average luminance of the display was 29.05 cd/m 2 and was the only source of light in the room during the experiment. Subjects were seated at a distance of 60 cm from the computer display, which subtended a 25.2 deg Â 29.8 deg visual angle at that distance. Each subjects' head position was stabilized using a chin/forehead rest. A standard Macintosh keyboard was used to record the subjects' responses.
Stimulus
The target stimulus was a sine wave grating with a spatial frequency of 3.5 c/deg. Contrast was modulated by a circular envelope (diameter = 1.07 deg), and the spatial phase of the grating was 0 deg (i.e., cosine phase) relative to the center of the circular envelope. In the detection experiment (4a), the grating's orientation was horizontal and contrast was varied across trials to estimate detection threshold. In the discrimination experiment (4b), the grating's contrast was 60% and orientation was varied around horizontal to estimate orientation discrimination threshold.
Experiment 4a: contrast detection
This experiment measured contrast detection thresholds for a small sine wave grating presented in the center of the display as a function of stimulus duration.
Methods
A two-interval forced-choice (2-IFC) procedure was used to measure detection thresholds for five stimulus durations ranging from 0.02 to 0.54 s. Each trial began with a circular (diameter = 4 pixels) black fixation point presented in the center display against a mean luminance background. The fixation point flickered three times at 16.7 Hz to attract the subjects' attention, then disappeared. After a delay of 0.5 s, the two intervals were presented, separated by a 0.5 s inter-stimulus-interval (ISI), during which the display remained blank. The fixation point re-appeared in the middle of the screen 0.5 s after the end of the second interval and remained visible until the subject's response. The subject indicated which interval contained the target by pressing a key labeled ''1'' with their left index finger and a key labeled ''2'' with their right index finger. Subjects were told that the target was equally likely to appear in the first or second interval. Auditory feedback (i.e., low-pitch tone) was given after incorrect responses. The subsequent trial began automatically 1.5 s after the subject's response.
Typically, auditory tones are used as cues that mark the stimulus intervals in a 2-IFC visual task. We were concerned that such cues might be less effective in older subjects when the stimulus durations were very brief, and therefore the current experiment also examined the effectiveness of three different types of cues: a visual cue, an auditory cue, or a combination of visual and auditory cues. The visual cue was a 1 pixel wide ring 3.73 deg in diameter, centered in the middle of the display. The auditory cue was a clearly audible tone. The combination cue consisted of the circular ring and the tone presented simultaneously. The onset and offset of each type of cue coincided with the onset and offset of each interval.
Trials were blocked by interval cue type and the order of the cue types was randomized across subjects. Stimulus contrast was varied across trials with a three-down/one-up adaptive staircase procedure, which converged on the contrast needed to achieve 79% correct responding. Five staircases -one for each stimulus duration -were randomly interleaved. A staircase ended after reaching 10 reversals or 75 trials, whichever came first, and testing ended when all five staircases were completed. Contrast thresholds for each duration were obtained by averaging the last four reversals in each staircase. Subjects were adapted to the average luminance of the display for 60 s prior to the start of the first block of trials. The total number of trials in the experiment ranged from 650 to 750. Subjects completed the experiment in one session that lasted approximately 1 h.
Results and discussion
Log-transformed thresholds were analyzed using a Age Â Duration Â Cue Type mixed-model analysis of variance (ANOVA). There was a main effect of Age, indicating that thresholds were higher in older subjects (F(1, 18) The failure to find a significant Duration Â Age interaction implies that the effect of duration on detection threshold was similar in the two age groups. This finding is illustrated in Fig. 7 , which plots threshold (averaged across cue type) as a function of stimulus duration for each age group. The threshold-vs.-duration curves are approximately parallel, which indicates that the effect of age on detection threshold is approximately independent of stimulus duration. These results are consistent with previous studies using a lower spatial frequency (Zhang & Sturr, 1995) , and suggest that the temporal processes involved in a single grating pattern detection are not affected in healthy aging.
Experiment 4B: orientation discrimination as a function of duration
This experiment measured orientation discrimination thresholds as a function of stimulus duration. 
Methods
Orientation discrimination thresholds were measured using a 2-IFC procedure that was similar to the one used in Experiment 4a. Subjects were told that two gratings would be presented on every trial, and that their task was to decide which of the two intervals contained a grating tilted counterclockwise relative to horizontal. Because stimulus contrast (60%) was well above detection threshold, the gratings themselves clearly marked the onset and offset of each interval, and therefore no additional cues were used in this experiment.
Grating orientation was varied across trials with a three-down/ one-up staircase procedure. Orientation discrimination threshold was determined for gratings presented at five different exposure durations ranging 0.01-0.36 s using a separate staircase procedure for each duration. Each staircase completed upon reaching 10 reversals or 75 trials, whichever came first. Discrimination threshold was defined as the average of the last four reversals. All duration trials were randomly intermixed. An optional break was allowed after every 150 trials. Subjects completed the experiment in approximately 30 min. Fig. 8 shows orientation discrimination thresholds plotted as a function of the stimulus exposure duration for both groups of subjects. In both age groups, threshold decreased approximately linearly as a function of log stimulus duration. At the shortest stimulus duration, thresholds in older subjects were (on average) approximately 0.5 deg higher than thresholds in younger subjects, but at the longest stimulus duration thresholds in the two age groups were equal.
Results
Thresholds were analyzed using a Age Â Duration mixed-model ANOVA. The main effect of Age was not significant (F(1, 18) = 1.07, p = 0.32, f = 0.06). There was a significant main effect of Duration ðFð5; 90Þ ¼ 12:5; ¼ 0:52; p < 0:001; f ¼ 0:48Þ, indicating that threshold decreased significantly with increasing duration. Importantly, the Age Â Duration interaction was not significant ðFð5; 90Þ ¼ 0:63; ¼ 0:52; p ¼ 0:58; f ¼ 0Þ, which implies that stimulus duration affected thresholds similarly in the two age groups.
Discussion
Previous studies have found very small or no age differences in orientation discrimination threshold. Using a high-contrast 4 c/deg Gabor pattern displayed for 750 ms, Delahunt et al. (2008) found that orientation discrimination thresholds were %0.5 deg higher in older subjects. Even smaller age differences were found by Betts et al. (2007) , Experiment 2, who reported no age difference in orientation discrimination threshold for a high-contrast 1.5 c/deg Gabor pattern displayed for 500 ms. The current findings are consistent with these previous reports and extend them to very brief stimulus durations: using a 3.5 c/deg Gabor stimulus, we found no evidence for an age difference in orientation discrimination threshold for stimulus durations ranging from 0.01 to 0.36 s. Other experiments have shown that orientation selectivity of pattern masking (Delahunt et al., 2008; Govenlock, Taylor, Sekuler, & Bennett, 2009b ) also does not differ between older and younger subjects, suggesting that the aging does alter bandwidths of orientation-selective visual mechanisms. Finally, Govenlock et al. (2009a) found no age differences in an orientation discrimination task that required subjects to integrate orientation signals from 128 Gabors spatially distributed in an annulus (inner and outer radii = 0.5 and 3.4 deg, respectively) centered on the fixation point. The available evidence suggests, therefore, that processes that encode orientation are not altered significantly by aging. Based on these findings, it is unlikely that group differences in performance in contour discrimination and contour detection experiments stem from age-related deficits in the ability to discriminate local orientation signals.
General discussion
Experiments 1 and 2 found that the stimulus durations required for detecting and discriminating sampled open contours embedded in a dense field of distractors were significantly longer for older than younger subjects. The effect of local orientation on contour perception was present in both groups: younger and older subjects showed better performance with contours whose Gabor orientations were co-aligned with the contour path compared to contours whose Gabor elements were oriented orthogonally to the path, a consistent finding in the literature (e.g., Dakin & Baruch, 2009; Field et al., 1993; May & Hess, 2007) . Interestingly, this effect of local orientation may be slightly greater in older compared to younger subjects in the contour discrimination task. In addition, our results also revealed an effect of contrast polarity alternation on contour detection and discrimination. There was a significant drop in performance between the aligned contours, where spatial phase was fixed, and the contours in the phase condition, which had the same orientations as the aligned condition, but where the spatial phase of alternating elements differed by 180 deg. This finding replicates previous work showing that, although contour integration is possible for phase-alternating contours, performance is best when path elements all have the same phase (Field et al., 2000; Hess & Dakin, 1999; Hess et al., 2001) . The drop in performance associated with phase-alternation was similar in older and younger subjects, suggesting that the phase-sensitive contour integration mechanism is preserved in older age. What are the potential causes of the increase in processing time required for contour perception in aging? First, it is not the case that older subjects generally show higher exposure duration thresholds than younger subjects. Previous studies examining motion direction discrimination of simple gratings have found that older subjects sometimes show equivalent or even shorter duration thresholds than younger subjects (Betts, Taylor, Sekuler, & Bennett, 2005 . Similarly, Habak, Wilkinson, and Wilson (2009) did not find any age-related delays in processing time in a shape discrimination task. Thus, it is unlikely that increased thresholds in the contour integration tasks result from an overall general slowing of processing speed (Salthouse, 1996) . Second, results from the retinal illumination control experiment refute the possibility that differences in retinal illuminance between groups account for the observed effects of age, as younger subjects did not show increased duration thresholds when display luminance was decreased by as much as 90%. Third, age-related changes in contrast sensitivity also are an unlikely cause. Experiment 4a revealed that decreasing the stimulus duration to 0.02 s does not differentially affect older and younger subjects' contrast thresholds for detecting a small grating. Moreover, the contrast of the Gabor elements in the contour detection and discrimination experiments was five times higher than the average contrast threshold of the older group at an exposure duration of 0.02 s. Thus, it is unlikely that the increase in duration thresholds is due to age-related changes in sensitivity to the luminance profiles of the Gabor elements. In addition, Hess et al. (2001) previously showed that local element contrast does not affect the dynamics of contour integration. Thus, even if retinal contrast changed with age, the processing time of contours would not be expected to suffer.
Finally, it also is unlikely that contour detection and discrimination were affected by age differences in the ability to encode the orientation of the Gabor elements. Experiment 4b failed to find evidence of age-related changes in orientation discrimination for a range of stimulus exposure durations, including very brief presentations. These results are consistent with previous experiments (Betts et al., 2007; Delahunt et al., 2008; Govenlock et al., 2009a Govenlock et al., , 2009b that suggest that processing of local orientation information is not affected significantly by aging.
Thus, our results suggest that age-related increase in duration thresholds in the contour detection and discrimination tasks are not caused by problems processing individual elements, and instead indicate a deficit at the stage where elements are grouped into contours. Del Viva and Agostini (2007) found that older subjects were less sensitive at detecting circular contours comprising aligned Gabors that were embedded among randomly oriented distractor Gabors. The current experiments show that older subjects are also impaired at detecting and discriminating non-closed contours, and also contours comprised of orthogonally oriented elements. Dakin and Baruch (2009) demonstrated that the context in which a contour appears influences its detection. In other words, performance in contour integration tasks reflects both the ability to group elements along a contour and the ability to suppress the influence of the surrounding elements. Thus, it is possible that the age-related declines in our task are caused by an inability to suppress the cluttering elements, as opposed to problems with grouping contour elements together. This hypothesis is plausible given that suppression likely involves inhibitory processes (Adini, Sagi, & Tsodyks, 1997; Gilbert, Das, Ito, Kapadia, & Westheimer, 1996; Kapadia, Ito, Gilbert, & Westheimer, 1995) , whose functioning has been shown to degrade in senescent primates and cats (Hua, Kao, Sun, Li, & Zhou, 2008; Leventhal, Wang, Pu, Zhou, & Ma, 2003) . Reduced surround-suppression in older subjects has been demonstrated in a study that used a motion direction discrimination task (Betts et al., 2005 , Betts, Sekuler, & Bennett, 2009 ). On the other hand, Karas and McKendrick (2009) found the opposite effect in a study that used a static center-surround stimulus and a contrast discrimination task: Older subjects showed higher, not lower, surround-suppression in this task. Thus, it is not clear how aging may affect the ability to suppress the surround in our task, as the influence of the surround greatly depends on the nature of the stimulus and task.
The current experiments were not designed to determine if deficits in contour discrimination are due to an inability to integrate orientation information across elements on the contour versus poorer suppression of the surrounding elements. The existing evidence is also equivocal. On the one hand, older subjects show evidence of impaired contour integration in a task where the contour elements are presented without clutter (Roudaia et al., 2008) . Also, the addition of cluttering elements appears to affect contour shape discrimination ability of older and younger subjects equally (McKendrick et al., 2010) . On the other hand, Del Viva and Agostini (2007) find that older subjects can tolerate less distractors than younger subjects, especially for contours with short inter-element distances. If the deficit were only due to integration ability, then older subjects would be expected to show greater declines with large inter-element distances, which are more difficult to integrate. Also, Govenlock et al. (2009a) found no age difference in a orientation discrimination task that required subjects to pool orientation signals across space, indicating that older subjects are able to integrate information across space. In sum, the contribution of these two mechanisms to the age-related declines in contour perception remains to be determined. Habak et al. (2009) investigated shape discrimination using continuous contours defined by a first-order luminance modulation and also by a second-order texture pattern. Interestingly, shape discrimination thresholds did now show any declines with aging for luminance defined contours, even at very brief stimulus exposure durations. However, when the contours were defined by a second-order texture pattern, older subjects consistently showed poorer shape discrimination thresholds than younger subjects. The authors suggested that this was caused by impoverished contour information arriving from earlier stages. In this case, a second stage filter was required to detect the contour. Thus, it appears that mechanisms that group edge information into contours, or extract contour boundaries from second-order structure, are affected by aging. Yet, once the contour has been determined, the perception of its shape can be acquired successfully. McKendrick et al. (2010) examined shape discrimination using sampled contours comprising aligned Gabor elements. Again, older subjects performed as well as younger subjects when required to discriminate whether the contour was a circle or an ellipse. Although contour integration and shape perception are both so-called ''intermediate stage'' processes, the difference in their susceptibility to the effects of aging is an intriguing phenomenon.
In sum, the current experiment showed that duration thresholds of detecting and discriminating contours in a cluttered background are increased in older age. Age-related changes in sensitivity to local elements in the display cannot explain the obtained pattern of results, and thus our findings point to impairments in the cortical mechanisms responsible for contour integration.
